Filters used in EMI suppression are often described in literature on drive system and have become a standard solution in industry. The effect of the commercial off-the-shelf filter depends significantly on how it is installed. A model that includes the installation parameters is made first and then the parameters of the model are extracted by transfer ratio measurements. One possibility is to include the filter on the DCBus inside the converter. The differential mode DC-Bus filter is well known, but the common mode DC-Bus filter has received little attention. Our model is used to show that the common mode DC-Bus filter can achieve the same or even better suppression of common mode noise by careful design. The transfer ratio is used to evaluate the performance of filter design.
I. INTRODUCTION
Using filters is a well-known solution to suppress the EMI of drive systems [1] - [2] . The filters should work efficiently according to the datasheets provided by filter manufacturers. However, the effect of filters may change significantly depending on how they are installed. Grounding methods or interconnection methods have large impact on the real attenuation provided by the filter. A node in a schematic diagram may be a wire or a mounting screw in the real application. For example, in one converter provided by industry, the heat sink and the Y capacitors on PCB board are connected to the converter frame by 20 cm long wires (see Fig. 1 ). Although in some well designed products the wires are replaced by a shorter connection or a mounting screw, the parasitic value still exists for the connections. These parasitic parameters affect the EMC performance of the drive system.
In [3] , the transfer ratio is defined as the ratio of the CM current I CM1 on the line side to the CM current I CM2 on the motor side. It is used to indicate how efficiently the filter blocks the noise propagation. There are three reasons why the transfer ratio is defined in this way,
1) The CM current can be easily measured with current probe. The electrical contact is not necessary. The transfer ratio is easy to be measured even with low-cost current probe [4] .
2) The installation methods: the grounding configuration and interconnection methods, for instance, have little effect on the DM noise conversion. The DC noise is dominant in the low frequency range, where the values of the concrete components are significant compare to that of the parasitic components. By contrast, CM is the main part been influenced.
3) CM currents may flow in any of the phases in the three phase lines [5] - [6] . There are differential mode components produced by CM currents when the CM currents are not evenly distributed in the three phases. For the same CM currents with different distributions in the three phases, LISN measurement gives an uncertainty up to 9.5dB (20*log 10 3), because the LISN can not distinguish between the CM components and the DM components. Using current measuring to measure the CM current can avoid the DM components by adding the currents in the three phase lines together.
In this paper, the relationship between transfer ratio and parasitic parameters is derived by using a model. Therefore, the parameters can be extracted from significant points on the curve of transfer ratio measurement result. The suppression efficiency when placing the Y capacitor on different places is also compared using the model. The transfer ratio is used to evaluate the suppression efficiency. A good solution is to connect the DC-Y capacitors between the DC-Bus and the heat sink and to put the CM choke between the rectifier and the DC-Y capacitors. Comparisons are used to show the key design rules of CM DC-Bus filter. Experiment result shows that the DC-Y capacitor on DC-Bus can achieve better suppression performance.
II. EXPERIMENTAL SETUP AND MODELING

A. Experimental setup
A commercial PWM voltage source inverter (VSI) with diode rectifiers is selected for the case study. Its power rating is 12 kW. An induction machine is fed with this converter. Fig.  2 illustrates the whole experimental setup. In the original design, the AC-Y capacitors were placed between the ac line and the converter frame. The dashed lines represent the real installation wires which can not be idealized in the model for EMC analysis. Also in Fig. 2 , it is proposed to connect the DC-Y capacitors between the DC-Bus and the converter frame or heat sink. Two circles indicate the positions where the CM currents are measured to derive the transfer ratio.
B. CM equivalent Model
In [8] , a frequency domain model is proposed to calculate the CM noise from arbitrary voltage source. Based on the CM equivalent circuit, the model is expanded by including the parasitic parameters brought by installation. Then it is further simplified by applying reasonable assumptions. We assume that the parameters of three inverter legs are the same. The arbitrary noise voltage sources can be treated as superimposed three identical CM voltage sources and three DM voltage sources. The DM voltage sources will not produce a current flowing through the ground. Therefore, they can be removed if we want to calculate the CM current. Three identical CM voltage sources can be further reduced to one CM voltage source after the adjustments of the impedance values Z pA and Z o1 . The equivalent circuit used to calculate the transfer ratio is shown in Fig. 3 .
The generated CM currents flow along the DC bus to the line side. The CM current will be evenly distributed in positive and negative DC bus bars after the high frequency DC link capacitor C HF . Therefore the two bus bars are considered as one node in the model. Z y1 , Z y2 and Z y3 represent the three possible places for placing the Y capacitors. They are identified by dashed line in Fig. 3 . Z y1 represents the AC-Y capacitor connected between ac line input and converter frame. Z y2 is the impedance of the DC-Y capacitors added between the DC bus and the converter frame. Z y3 connects one terminal of the capacitors to the heat sink instead of the converter frame.
The impedance of the ac line, the rectifier and the DC bus are indicated as Z line , Z rectifier and Z DC . Besides that, the following notations have been adopted: Z p2 : the impedance of the connection between the motor frame and the ground; Z p3 : the impedance of the connection between the converter frame and the ground;
Z o (1, 2, 3) : the CM impedance between the end of the motor line cable and the motor frame;
Z p(A,B,C) : the impedance between output terminals of the converter legs and the heat sink;
Z L : the impedance of the LISN.
C. Transfer ratio and parasitic parameters extraction for the model
The transfer ratio T is defined as the ratio of the CM current I CM1 on the line side to the CM current I CM2 on the motor side. We use Yconversion on the model shown in Fig. 3 , because it is easy to apply the current divider rule, then the transfer ratio can be expressed in a concise form of (1). 
When the Y capacitors are placed at the positions of Z y2 or Z y3 , the (3) need to be changed as follows,
Especially, when the Y capacitors are placed at the position of Z y3 , the (4) and (5) need to be changed to (7) and (8) . 
These closed-form equations can be used to calculate the transfer ratio in frequency domain directly. They are used to evaluate the impact of putting Y capacitor in different places afterwards.
The impedances can be obtained by direct measuring; even through it is sometimes not easy to measure the parasitic parameters. Therefore, a method to derive the parasitic parameters via the transfer ratio measured in some particular situations is introduced here.
The high frequency CM behavior of the motor and the cable is firstly modeled by the method introduced in [9] . It is illustrated in Fig. 4 . That corresponds to the impedance of Z ol /3 and Z p2 in Fig. 3 . Fig. 5 compares the simulation and measurement results.
After that, the transfer ratio of the test bed is measured in three situations, The results are shown in Fig. 6 . The next step involves how to derive the parameters of the model by the results.
When applying (1), the transfer ratio apparently reaches its minimum point under two conditions. That is, when Z A or Z C +Z 4 reach their minimum.
In the first situation, a minimum is found around 370 kHz (see Fig. 6 point A) . That is because Z A approaches its minimum as mentioned before. It can be approximated by the series resonance of Z y1 + Z p3 . The value of the Y capacitor is already known to be 100nF. Therefore, the stray inductance to produce the Z p3 is calculated by 1/(4 2 f3C Y ), that is 0.7µH. Although the impedances Z 4 and Z 5 may shift the resonance frequency slightly, it provides a method to determine the first guess of parasitic parameters of the model. In the second situation, the Y capacitor is disconnected, that makes Z y1 quite large and Zc+Z 4 can be approximated as Z pA /3+Z p1 +Z p3 +Z o1 /3+Z p2 . It determines the second minimum observed around 3.6MHz (see Fig. 6 point B) . The inductive part of impedance in this loop is 3.4µH+0.7µH=4.1µH, the capacitive part should be around 470pF. In this frequency range, only C g1 (1.15nF) dominates Z ol /3. The Z pA is calculated to be capacitive impedance produced by 800pF capacitor to get this resonance frequency.
In the measurement done in the third situation, the motor is floating, and the resonance moves to 10 MHz (see Fig. 5 point  C) . The reason is that the capacitive part in the loop is dominated by the parasitic capacitor between the motor frame and ground. Z p2 is replaced by a 100pF capacitor to create the resonance.
Comparing the first and the third situation, the point D and the point C in Fig. 5 are caused by the same resonance. The minimum point shifts slightly due to the variation of Z p2 . By fine adjustment of Z p1 and Z p3 , the resonance frequency can be matched to the measurement result very well. Up till now, the parameters for the proposed CM model were extracted by the transfer ratio measurement. They are listed in Table I . With the model, the transfer ratio calculated by the model shown in Fig. 7 shows a good agreement with the measurement result in Fig. 6 . Because the calculation is done on frequency domain, it is an efficient way to calculate the transfer ratio even for a complex model. 1) In Fig. 8 , the transfer ratio is calculated by the built model. When the Y capacitors are placed at position Z y1 or Z y2 , the two connection methods are slight different because of the small DC bus impedance. For the third connection method, the DC-Y capacitor is connected to heat sink. Z A and Z C are calculated using (8) and (9) instead of (4) and (5). It can be seen that, the EMC performance become slightly worse in the low frequency part and improved in the high frequency part. For these three positions placing Y capacitor, suppression effects are almost the same.
2) Compared to the AC-Y capacitor, the DC-Y capacitors are placed at positions Z y2 or Z y3 . Z 5 is calculated by (6) or (7) instead of (3). The increasing value of Z 5 can decrease the transfer ratio. That means by adding a CM choke between rectifier and DC-Y capacitor, the noise will be suppressed better. Contrary, adding the CM choke on the DC-Bus has little effect on the transfer ratio when AC-Y capacitor is connected in ac line input.
In Fig. 9 , the conclusion is proved by the calculated transfer ratio from the built model. 3) The connection between the heat sink and ground and the connection between Y capacitor and the heat sink are vital to suppression efficiency. They must all be kept as short as possible. By decreasing the Z p1 and Z p3 , the suppression effect makes a significant progress. In Fig. 10 , transfer ratio is calculated assume that the connection wires are 10 times shorter. The result shows that the transfer ratio gets 20dB improvement around 1MHz-6MHz, where some EMC problems often come up.
It is worthwhile to mention here, that the addition of the filter not only changes the transfer ratio, but also changes the level of noise source, they are sometimes changed oppositely, but these two effects can be considered separately and got a compromising between them. The transfer ratio does not include the active components; transfer ratio doesn't include the active components; while the noise source level is determined by the active and passive components. That is why they are treated separately.
III. EXPERIMENTS
Experiment is done on the test bed to verify the model further and the conclusions drawn in the last section. The components employed in the experiments are listed in Table II . The first experiment is done to show the effect adding a CM choke on the DC-Bus. Compared with the transfer ratio of using AC-Y solely, adding the CM choke on the dc-bus doesn't made big difference, that is consistent with the calculation. While the combination of DC-Y and DC-CMC improves the suppression effect in 1MHz-4MHz, as the Fig.  11 shows. The second experiment shows the importance of short connections. The transfer ratios are compared between the test bed originally designed, half length connection and screw mounted filter. The benefit is significant for a well designed installation. Compare with the calculation result from Figure. 10, the trends are the same, and the minim point moves towards a higher frequency as predicted, and the transfer ratio is lower after the resonance frequency. The transfer ratio doesn't improve so much beyond 10MHz, it even becomes a positive value. That means that a new resonance loops occurs, because of the resonance of the DC-Y capacitor and the stray inductance of DC-Bus. Because the noise source level is much lower in this frequency range, even through the transfer ratio is increasing, it would not be a problem. 
IV. CONCLUSION
The transfer ratio is defined and can be measured by lowcost current probe. The parasitic parameters of the model can be extracted based on the transfer ratio measurement results. Based on the established model, the benefit of using a DC bus CM filter can be calculated efficiently in frequency domain. The filter is installed inside the converter and the interconnection can be made very short. That can improve the suppression performance significantly. This avoids the tricky task of designing or selecting a filter afterwards. The noises are suppressed partly inside the converter if the DC-bus filter is included in design. For some critical requirements, the additional filter needed would be much smaller. 
